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A Standard-Model-like Higgs boson should be light in order to comply with electroweak precision 
measurements from LEP. We consider five-dimensional (5D) warped models - with a deformation 
of the metric in the IR region - as UV completions of the Standard Model with a heavy Higgs 
boson. Provided the Higgs boson propagates in the 5D bulk the Kaluza Klein (KK) modes of the 
gauge bosons can compensate for the Higgs boson contribution to oblique parameters while their 
masses lie within the range of the LHC. The little hierarchy between KK scale and Higgs mass 
essentially disappears and the naturalness of the model greatly improves with respect to the AdS 
(Randall-Sundrum) model. In fact the fine-tuning is better than 10% for all values of the Higgs 
boson mass. 
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The Standard Model (SM) of electroweak interactions 
suffers from a naturalness problem as the Higgs boson 
mass is sensitive to ultraviolet (UV) physics at the scale 
A through quadratically divergent radiative corrections. 
In particular, the coupling of the top quark to the Higgs 
boson generates a one-loop shift on the Higgs boson mass 
which behaves as Am 2 H ~ (3/4-7r 2 )A 2 , which translates 
into a sensitivity to the cutoff 8 = Sk 2 /(A-K 2 m 2 H ). Nat- 
uralness of the theory, i.e. <5 ~ 1, then requires that 
A 3.6 m#, which in turn implies for a light Higgs bo- 
son that the UV physics should be around the corner 
at LHC (e.g. for m H ~ 115 GcV, A - 400 GeV) while 
for a heavy Higgs boson the UV physics can be at much 
higher scales (e.g. for m H ~ 600 GeV, A - 2.2 TeV). 
In view of the negative results on new physics searches 
at LEP2, and the increasing bounds imposed by ongoing 
LHC searches, it is thus interesting to consider possible 
solutions to the hierarchy problem with SM UV comple- 
tions able to accommodate a heavy Higgs boson. 

The idea of improving the naturalness of the SM with 
a heavy Higgs boson is not a new one [H, HJ. Of course, 
since the SM is consistent with all electroweak precision 
tests (EWPT) for a light Higgs boson, it is necessary to 
introduce new physics to compensate for the contribution 
of a heavy Higgs boson Q • In this Letter we will consider 
heavy Higgs boson models where EWPT are saved by the 
UV physics solving the hierarchy problem. Since a heavy 
Higgs boson contributes negatively to the T parameter, 
an obvious requirement is the presence of new states that 
violate custodial symmetry in such a way as to give a 
positive contribution to T. Such states are naturally pro- 
vided by the KK modes of the hypercharge gauge boson 
in five dimensional (5D) warped compactifications. Mod- 
els where the 5D metric is AdS were originally proposed 
by Randall and Sundrum (RS) [|| to solve the hierarchy 
problem while fulfilling all experimental bounds [f| . Fur- 
thermore, we have recently proposed @ a class of models 
which departs from AdS in the IR and where electroweak 
precision observables (EWPO) are naturally suppressed, 
giving rise to milder bounds on the KK mode masses 
than in RS models. In particular, we will consider mod- 



els in which the Higgs boson is propagating in the bulk. 
Considering for RS a heavy Higgs boson localized in the 
IR boundary was already proposed in Ref. Q , leading to 
KK masses ttikk ^ 8 TeV for a 450 GeV Higgs boson. In 
this Letter we will first prove that delocalizing the Higgs 
boson in the bulk one can lower the previous bound to 
friRK ^ 4.6 TeV. Moreover, by considering more gen- 
eral metrics with conformal deformations in the IR one 
can obtain spectra of KK modes with masses in the LHC 
range. 

We will then consider the SM propagating in a 5D 
space with an arbitrary metric A(y) = A(ky), where 
A: is a constant with dimension of mass of order the 
Planck scale (identified with the curvature radius for 
the AdS case), such that in proper coordinates ds 2 = 
e -^A{y) r}llv dx^dx v + dy 2 , rj^ = (-1,1,1,1); and two UV 
and IR boundaries located at the edges of a finite interval 
at y = and y — y\ respectively. We will consider 5D 
gauge fields W % M (x,y) and Bm(x,v) (M = (X, 5) propa- 
gating in the bulk, a stabilizing field cj>(x, y) fixing the 
value of A(y%), as well as a bulk SM Higgs field 
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h(y) + S(x,y) 



(1) 



where x( x > v) contains the 4D Goldstone bosons while 
h(y) is the 5D Higgs background and £(x, y) describes the 
Higgs field fluctuations. For the moment we will consider 
an arbitrary metric A(y) and Higgs background h(y). 

As it has been shown in Ref. [(f , the parameters of the 
effective SM-like Lagrangian for the Higgs boson, 
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behave as 



-v 



A 



(2) 



(3) 



where we have suppressed 0(1) coefficients given by the 
bulk and IR-boundary potentials. The IR scale is defined 
as p = ke~ A ( yi > and the dimensionless quantity Z, 
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depends on both the gravitational and Higgs back- 
grounds. Notice that the physical Higgs boson mass is 
m 2 H = 2/i 2 ~ 2Z~ 1 p 2 . This shows that in models with 
Z = 0(1), as it is the case of the RS model, a heavy 
Higgs boson mass is more natural than a light one: its 
preferred value is p unless a (little) fine-tuning in the 
bulk and brane potentials is done. As we will see later 
on, there are models which depart from AdS in the IR 
region, where the condition Z» 1 can be satisfied and 
one can easily accommodate at tree level a light Higgs 
boson. Nevertheless, in all cases radiative corrections in 
the effective theory below the scale A ~ txikk of order a 
few TeV will tend to destabilize light Higgs boson masses. 
Hence, some degree of fine-tuning is needed to keep the 
Higgs field light, while a heavy Higgs boson can more 
naturally be stable against radiative corrections. More 
details will be elaborated later on. 

We now make the KK-modc expansion A^x, y) = ■ 
/a(j/)/\/1/i where A = A 1 ,Z,W^~ and the dot product 
denotes the expansion in modes, the functions /a satisfy 
the equations of motion 



- 2A'(y)f n (y) 



mle 2A ^ 



U(y) = o, (5) 



along with the Neumann boundary conditions /4(j/i)=0 
and the mass eigenvalue m n is the mass of a™. We adopt 
the normalization convention J^ 1 f 2 (y)dy = y\. The im- 
pact of the KK modes on the EWPO will depend cru- 
cially on how strongly the former couple to the Higgs 
currents. Writing the coupling as C = J2 n a n(g + 
g' B^j'K), we can express these couplings in terms of the 
Z factors as 



■ 2A ^f n (y). (6) 



Enhanced Z factors will reduce these couplings, provided 
the integrals stay approximately constant. A useful ap- 
proximation for the KK wave function is given in terms 
of Bessel functions (up to normalization) 

f n (y) = z [Y (m n z )J 1 (m n z) - J (m„z )Y 1 (m n z)] , 

(7) 

where z(y) ~ z(0) = J Q e A sa e /A' are the conformal 
coordinates. Note that A' can become large and hence 
e A can be very different from z. 

Although the effective SM below a multi-TeV cutoff 
is more natural with a heavy Higgs boson, the present 
EWPT point towards a light Higgs boson. In particular, 
a x 2 fit of all SM EWPO drives the 95% CL upper limit 
of the Higgs boson mass to tuh ^150 GcV. This means 
that a heavy Higgs boson needs to be accompanied by 
new physics to restore agreement with EWPT. In fact, 
from this point of view we can consider the Higgs boson 
mass measurement at LHC as a good test for new physics: 
if LHC found a heavy Higgs boson the SM would be ex- 
cluded and new physics would be required, even if the 
Higgs field is not detected, motivating an upgrade of the 
LHC and/or the construction of other colliders. In the 



rest of this Letter we will contrast warped models with 
heavy Higgs bosons and EWPT leading to lower bounds 
on KK mode masses, tjikk- For simplicity we will con- 
sider fermions localized in the UV brane such that the 
deviations in electroweak precision measurements are en- 
coded in the momentum dependence of the propagators 
of the electroweak gauge bosons, or "oblique corrections" . 

Electroweak precision measurements are commonly 
mapped to the three Peskin-Takeuchi (T, S, U) param- 
eters 0, although in models with a gap between the 
electroweak and new physics scale U is expected to be 
small and it has been suggested to instead consider the 
set (T,S,W,Y) 0. In the class of warped models we 
have just described, these observables are given by [1] 
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where fl(y) = U{y)/U{ yi ) and U{y) = # h 2 (y')e- 2A ^'l 
Comparing the prediction of these parameters for a fixed 
value of rriKK with experimental data imposes lower 
bounds on the value of tukk- We can see from Eq. © 
that the T parameter is volume enhanced, the S parame- 
ter is volume independent to leading order in the volume 
expansion while W and Y are volume suppressed. There- 
fore, we will pay attention in the following to the T and 
S parameters, and check in all cases a posteriori that for 
the obtained bounds on tukk the values of W and Y 
are below the experimental data and hence they do not 
impose any further constraint (Iol | . 

The current experimental bounds on oblique observ- 
ables for a SM reference Higgs mass, mn.r = 117 GeV, 
and assuming U = are given by T = 0.07 ± 0.08 and 
S = 0.03 ± 0.09, with a correlation between S and T of 
87% in the fit [ll(. Moreover, the one- loop contribution 
to the S and T parameters of a SM Higgs boson with a 
mass mn , normalized to its values at the reference Higgs 
mass rriH,r is given by 

AS = 2~ [9s( m H/ m z) - 9s{m 2 H r /m 2 z )] , 

gs{ u ) — / dx x(5x — 3) log(l — x + ux) , (9) 
Jo 
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In the limit where the Higgs masses are much larger than 
m z one recovers the approximate behavior in Ref. Q. 

We will first concentrate in the RS model with a pure 
AdS metric A(y) = ky where the bulk Higgs mass is 
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a constant given by M 2 — a(a — 4)k 2 , and where the 
parameter a has the simple holographic interpretation 
dim(0£r ) = a. In this case the solution to the equations 
of motion is given by 

h(y) = c 1 e aky (l + c 2 e 2{2 - a)ky ) , (11) 

where depend on the model parameters. We can 
get the solution h(y) ~ e aky without any fine-tuning for 
a > 2 since near the IR boundary where EWSB occurs 
e 2(2-a)ky 1 ^ anc j second term is always irrelevant. 
On the contrary for a < 2 in Eq. pT|) the second term 
would be dominating and we get the same solution as in 
the previous case, i.e. h(y) ~ e° ky where a' = 4 — a > 2, 
unless we fine-tune C2 = in which case we do not solve 
the hierarchy problem. Using the previous holographic 
interpretation of the parameter a we can conclude that 
the hierarchy problem is solved in the dual theory pro- 
vided dim(0//) > 2 as expected. 

Using now the Higgs profile Eq. (jlip one obtains that 
Z = l/2(a — 1) < 1/2 is a small number and that the 
tree-level approximation on the Higgs mass is given by 
mjj ~ p 2 , which points towards heavy Higgs masses un- 
less some dimensionless constant in the brane potential 
is fine-tuned. The IR scale p, or the related KK-mode 
gauge boson mass ttikk — 2.4p, is bounded by EWPO. 

In Fig. 00 we show the 95% CL ellipses in the (S, T) 
plane for different values of the Higgs mass mjj = 
115, 450, 800 GeV. The dots correspond to different val- 
ues of rriKK and the dot spacing is 1 TeV, while the 
special symbols correspond to fixed values of ttikk as in- 
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FIG. 1. 95% CL regions in the (S,T) plane for different val- 
ues of the Higgs mass. Ray (a) [(b)] is RS with a localized 
[bulk with a=2.1j Higgs boson. Ray (c) [(d)] is model 1120 
with kA = 1 and v — 0.7 [v = 0.6/. Dot spacing is 1 TeV. 
Increasing values of vtlkk correspond to incoming fluxes. 
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FIG. 2. 95% CL regions in the (a, tukk) plane for RS and 
different values of the Higgs mass. 



dicated in the plot labels. The values of ttikk increase 
(decrease) as the dots get closer to (further from) the 
origin. In this way the lower (and possibly upper) bound 
on ttlkk can be read from the plot for the considered 
values of ttlh- Ray (a) corresponds to RS with an IR 
localized Higgs field. This was the case considered in 
Ref. 0]. Ray (b) corresponds to RS with a bulk Higgs 
field where a = 2.1. We can see from the plot that the 
95% CL window for a localized (bulk) Higgs field with 
e.g. m H = 450 GeV is 8 TeV < m KK < 11.6 TeV (4.6 
TeV < itlkk ^ 6.6 TeV). This behavior is exhibited in 
Fig. [2 which shows the 95% CL allowed regions in the 
(a, ttlkk) plane and different values of the Higgs mass. 

In Fig. [3] the 95% CL regions in the (mH , ttlkk) 
plane are exhibited for the cases of a localized and a 
bulk Higgs field. The solid line is the perturbativity 
bound defined by the condition that two-loop corrections 
to the /^-function be 50% of the one-loop correction, 
/^ 2) = 0.5/3^ 0. The region on the right of the solid 
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FIG. 3. 95% CL regions in the {run , ttikk) plane for RS 
and the cases of a localized and a bulk Higgs field with a = 
2.1. Dashed lines correspond to sensitivity 8 = 100 (1% fine- 
tuning), 5 = 20 (5%), 5 = 10 (10%) and 5 = 5 (20%), for 
A ~ tukk- Solid line is the perturbativity bound. 
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line is excluded. For a localized Higgs boson the 95% CL 
lower bound on the mass of gauge KK modes is ttikk > 
7.8 TeV (which corresponds to m# < 510 GeV), while for 
a bulk Higgs boson m KK > 4.4 TeV (m H < 560 GeV). 

Next we will consider the model analyzed in Ref. [f| 
with a deformation of RS in the IR region. It contains a 
stabilizing field <fi which leads to the metric 

A(y)=ky- \ \og{l-y/y s ) , (12) 

v 

where v is a real parameter. The metric has a spurious 
singularity located at y s — yi + A, outside the physical 
interval |l4j | . In order to solve the hierarchy problem 
we fix Ai = A(yi) ~ 35, which determines implicitely 
kyi < A\ in terms of the other parameters. A suitable 
(0 dependent) bulk Higgs mass leads to 

h{y) = Cl e aky (l + c 2 j V e ^My')-^ky'^ ^ (13) 

and h(y) ~ e aky imposes the constraint a > ao = 
2A\jky\ as we analyzed in Ref. [f| [I?}. There it was 
shown that in many cases Z 3> 1, which lowers the 
couplings a„ in Eq. ([6]) and correspondingly softens the 
bounds on ttikk from EWPT. This behavior is exhibited 
in Fig. 21 where we plot the first mode coupling a\ versus 
a for different values of v. We see from the plot that the 
global effect is a combination of small a (less localized 
Higgs field) and small v (departure from AdS in the IR) . 
It also turns out that the main effect comes from the 1/Z 
factor in Eq. © . 



it is 1.4 TeV < mKK ^ 1.7 TeV, which are in princi- 
ple accessible at the LHC energies. This shows that for 
model ([T2]) : i) A heavy Higgs field can be consistent with 
KK-modes accessible at LHC energies; ii) The measure- 
ment of the Higgs mass at LHC should constrain the 
model parameters. These two features are exhibited in 
Fig. [5j where we show the 95% CL allowed regions in the 
(mH-,rriKK) plane for various values of the parameters. 
The solid line is the perturbativity bound and the region 
on its right is excluded. Then using EWPT one can ex- 
tract the absolute bound on the Higgs mass as tuh < 750 
GeV. 
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FIG. 5. 95% CL regions in the (mn,rnKK) plane for model 
f!2\) with kA = 1 and v = 0.7, 0.6, 0.5. Dashed lines corre- 
spond to sensitivity 5 = 1 (no fine-tuning), 5 — 5 (20%) and 
5 = 10 (10%). Solid line corresponds to the perturbativity 
bound. 
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FIG. 4. Plot of the coupling oti as a function of a for v = 
0.5, 0.6, 0.7 and oo (RS). Lines end at a — ao- 

In Fig. [T] we have considered two particularly inter- 
esting cases corresponding to fcA = 1 and v = 0.7 
[ray (c)] and v = 0.6 [ray (d)]. For case (c) we can 
see that for tur = 450 GeV the 95% CL window for 
m KK is 2.1 TeV < m KK < 2.9 TeV and for case (d) 



In conclusion, we have considered models where the 
5D SM gauge bosons and the Higgs boson propagate in a 
warped extra dimension. In particular, we have consid- 
ered the RS model and a more general 5D metric where 
there is an IR deformation of the conformal symmetry. 
We have shown that a heavy Higgs boson is more natural 
than a light one and moreover the EWPT can be fulfilled 
for lighter values of the KK masses. For the RS model 
and a bulk Higgs field with ruin — 450 GeV there is a 
window 4.6 TeV < tukk ^ 6.6 TeV, while for the general 
model with IR deformations the KK spectrum can be ac- 
cessible at the LHC. Moreover the Higgs boson discovery 
at the LHC will constrain the latter model parameters. 
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